Mitochondrial swelling techniques were used to evaluate the effects of the aminoglycoside antibiotic gentamicin on renal cortical mitochondrial monovalent cation permeability. Gentamicin behaved like EDTA to enhance energy-dependent Na+-and K+-acetate uptake with a relatively greater effect on Na+-acetate uptake.
MgZ+ prevented and reversed the effects of both EDTA and gentamicin.
Neither agent affected energy-independent uptake of Na+ and K+-acetate.
Gentamicin did not enhance energy-independent uptake of K+-and Na+-nitrate. Gentamicin enhanced energy-dependent swelling in a chlorideand phosphate-containing medium as a function of the medium Na+ and K+ concentration.
This effect occurred simultaneously with gentamicin-induced stimulation of State 4 respiration and was blocked by Mg2+. Gentamicin did not affect phosphate transport.
The results are taken to indicate a specific action of gentamicin to enhance mitochondrial monovalent cation permeability at an Mg*+-sensitive site and it is proposed that this accounts for the effects of gentamicin on mitochondrial respiration.
Acute in vitro exposure of normal renal cortical mitochondria to the aminoglycoside antibiotic, gentamicin, results in stimulation of State 4 respiration and inhibition of State 3 and DNP-uncoupled respiration. Both of these effects are (i) dependent on the presence of Nat and K+ in the incubation medium, (ii) potentiated by the presence of a low concentration of EDTA, and (iii) prevented and reversed by Mg2+ (1) .
It has been observed, based on mitochondrial swelling studies, that gentamicin induces energy-dependent mitochondrial uptake of KC1 and that this effect is inhibited by Mg2+ suggesting that gentamicin's effects on mitochondrial respiration could be mediated via alterations in K+ transport (2) . The companion paper demonstrated a major influence of Na+ on the effects of gentamicin on mitochondrial respiratory parameters (1). If gentamicin's effects are indeed related to modification of the interaction of monovalent cations with the mitochondrial membrane at Mg2+-sensitive sites, it would be predicted that mitochondrial Na+ transport, like K+ transport, would also be affected by gentamicin and the system would be modulated by the presence of Mg'+ and EDTA.
The present studies were designed, using mitochondrial swelling as a measure of cation uptake (3, 4) , to test this hypothesis and to better delineate the relationship between gentamicin-induced changes in mitochondrial monovalent cation transport and its effects on oxidative phosphorylation. For clarity of presentation, results are given in the form of actual tracings from typical experiments. Each of the reported studies was repeated on at least five or six separate mitochondrial preparations and all effects illustrated were unequivocally present in all preparations tested.
METHODS

Reagents
RESULTS (1) Swelling in Acetate Salts
Renal cortical mitochondria exhibited swelling behavior in incubation media containing 20 mM acetate (AC)' salts and 100 mM sucrose qualitatively similar to that which has been reported for heart mitochondria (5, 6) ( Fig. 1) . Major volume changes in the rotenone-treated mitochondria did not begin until substrate, 2 mM Tris-succinate, was added to the suspension. In the absence of EDTA, energy-dependent swelling in NaAc was minimal while substantially more swelling occurred in KAc. Adding 2 lllM EDTA enhanced swelling markedly in NaAc and moderately in KAc. Preliminary experiments had shown that 0.1 mM EDTA was substantially less potent in producing these effects. Five-tenths millimolar Mg2+ completely prevented the effects of EDTA when present before the initiation of swelling by the addition of substrate. Additional experiments showed that addition of 0.5 mM Mg2+ after swelling in the presence of NaAc and EDTA was underway resulted in an immediate mitochondrial contraction. Gentamicin produced energy-dependent mitochondrial volume changes qualitatively similar to those of EDTA in that swelling was enhanced in both NaAc and KAc and the relative effect in NaAc was much greater. Mg*+ (0.5 mM) completely prevented the effect of gentamicin and produced immediate contraction when added while gentamicin-induced swelling was already underway. In both KAc and NaAc, when 2 InM EDTA was present, the addi-' Abbreviations used: EGTA, ethylene glycol bisp aminoethyl ether) N,N'-tetraacetate; EDTA, ethylenediaminetetracetate; DNP, 2,4-dinitrophenol; S3, State 3; S4, State 4; AC, acetate; Tris, tris(hydroxymethyl)aminomethane.
Effects of gentamicin, EDTA, and Mg2+ on energy-independent mitochondrial swelling in Na+-and K+-acetate. The medium contained the test agent, the indicated acetate salt (100 mM), 5 mM Trisacetate, pH 7.3, 10e5 M rotenone and, where indicated, 2 mM Tris-EDTA, pH 7.3. Experiments were started by adding mitochondria (0.9 mg protein/ml). In each medium, swelling was evaluated in the presence of 1 mM gentamicin (G), and sham gentamicin (Sham G), with and without 0.5 mM Mg2+ (Me+). These agents were present prior to the addition of Tris-succinate. Where tracings overlapped exactly, a single line is labeled with all conditions producing that line separated by (=). tional swelling increment induced by gentamicin was small and was not seen in all preparations. However, 0.5 InM Mg2+ was no longer sufficient to block the enhanced swelling produced by the combination of EDTA and gentamicin. Five millimolar Mg2+ did completely block the enhanced swelling in the presence of both of these agents.
Renal cortical mitochondria suspended in incubation media containing 100 mM acetate salts behaved in a fashion similar to that previously reported for heart (5) and liver (7) mitochondria in that substantial energyindependent swelling occurred in NaAc but not in KAc (Fig. 2) . Neither gentamicin nor EDTA enhanced these swelling responses.
(2) Swelling in Nitrate Salts Unlike heart mitochondria (8), renal cortical mitochondria exhibited moderate swelling in 100 InM KNO, in the absence of an energy source (Fig. 3) . Energy-independent swelling was markedly enhanced by the addition of valinomycin or Hg2+. Sham gentamicin, which consisted of 3 mM Tris-SO,, pH 7.3, produced a small transient increase in the rate of swelling. The addition of gentamicin did not enhance the baseline rate of swelling and did not interfere with the enhancement of swelling produced by the subsequent addition of valinomycin. In 100 InM NaNO,, baseline energyindependent swelling was more rapid than that seen in KNO,. Gentamicin had no effect.
NaNO, 100 mM
Energy-independent swelling in nitrate salts. Renal cortical mitochondria (0.9 mg protein/ml) were suspended in a medium consisting of either 100 mM KN03 or 100 mM NaNO,, 5 mM Tris-nitrate, pH 7.3, and lo+ M rotenone. Following a baseline period, the indicated agents were added at the point marked by the arrow. Agents tested were 1 mM gentamicin (G), sham gentamicin (Sham G), 100 pg/ml HgCl,, (Hg*+), and 2.5 x lo-' M valinomycin (val). In the gentamicin experiment in KNOI, valinomycin was also added after gentamicin. In order to better correlate the effects of gentamicin on mitochondrial respiratory parameters which were detailed in the companion paper (1) with gentamicin-induced mitochondrial volume changes, mitochondrial swelling was studied in the same incubation media and under the same conditions used for those studies (Fig. 4) .
Baseline energy-dependent swelling, in the absence of gentamicin, was enhanced as medium KC1 concentration increased. At every KC1 concentration tested, 1 mM gentamicin immediately produced an additional swelling increment and, as can be seen from the companion oxygen consumption traces, this coincided with the stimulation of S4 respiration produced by gentamicin. When ADP was added to the sham gentamicin mitochondrial suspensions, immediate contraction occurred followed, upon exhaustion of the added ADP, by repeat swelling at a relatively slow rate. When gentamicin was present, the ADP-induced contractions were of larger amplitude than were seen in the sham gentamicin suspensions. Of note, if DNP was added to the mitochondrial suspensions in lieu of ADP, immediate contraction occurred and this was of greater amplitude in the presence of gentamicin. This contraction, however, was not followed by reswelling in either the gentamicin or sham gentamicin suspensions (Fig. 5) .
If Na+ was not present in the incubation medium, the amplitude of swelling induced by gentamicin was diminished (Fig. 6 ). In 0 mM KCI, gentamicin actually produced slight mitochondrial contraction while in 150 mM KC1 gentamicin induced an increase in swelling but to a lesser degree than when Na+ was present.
If 0.5 mM Mg2+ was added to the standard 150 mM KC1 Na+-containing medium before the initiation of energy-dependent swelling, baseline swelling was diminished and gentamicin had no effect. If the Mg2+ was added after swelling was underway, an immediate contraction occurred, irrespective of the presence of gentamicin (Fig. 7) . The oxygen consumption traces corresponding to these experiments are illustrated in Fig. 4 of the companion paper (1) and show that prevention or reversal of gentamicin's swelling effects coincided with similar alterations of gentamicin's effects on oxygen consumption. ( 
4) Effects of Gentamicin on Phosphate Transport
Because alterations in mitochondrial phosphate transport can effect mitochondrial cation transport properties, as demonstrated by the effects of mercurials (9) , the effects of gentamicin on mitochondrial Pi transport were evaluated.
Renal cortical mitochondria exhibited energy-dependent swelling in KH,PO, (Fig.  8) . If Hg2+, a well-studied inhibitor of mitochondrial Pi transport (lo), was present before the addition of substrate, this swelling was markedly inhibited. Adding HgZ+ while swelling was underway led to its immediate cessation. Gentamicin had no effect on swelling under these conditions whether present before or added after substrate.
Interference with mitochondrial phosphate transport leads to mitochondrial swelling in the presence of DNP and ATP due to blockage of exit from t.he mitochondria of Pi derived from the hydrolysis of ATP (10) . In the presence of Hg2+, renal cortical mitochondria exhibited spontaneous swelling prior to the addition of ATP, but the rate of swelling substantially accelerated upon addition of ATP and this effect was blocked by oligomycin (Fig. 9 ). In the presence of sham gentamicin or gentamicin only a small nonsustained increase in swelling was seen upon the addition of ATP indicating that no major block in Pi transport was occurring under these conditions. cation permeability pathway and that the results of this interaction account for most of gentamicin's effects on mitochondrial respiration.
(i) Like EDTA, gentamicin preferentially enhanced energy-dependent swelling in NaAc relative to KAc, the effects of both A=.04 gentamicin and EDTA were completely \ c blocked by 0.5 lllM Mg2+, and their effects were additive as indicated by the failure of 0.5 mM Mg2+ to completely block enhanced swelling when both gentamicin and EDTA were present. In this circumstance, however, 5 mM Mg2+ completely blocked the enhanced swelling. The effects of both EDTA and gentamicin were also reversible by Mg2+. In contrast to these effects on energy-dependent cation uptake, neither gentamicin nor EDTA had any effect on the energy-independent uptake of KAc and NaAc. by mitochondrial suspensions is a function of mitochondrial volume and that mitochondria undergo osmotic volume changes depending on their permeability to available solutes (3, 4, 11) . Studies of mitochondrial swelling in conjunction with direct measurements of cation content have provided much information about the monovalent cation transport properties of the inner mitochondrial membrane (4) . It has been proposed that mitochondrial monovalent cation transport is secondary to a combination of electrophoretic uniport and specific cation/H+ antiport components (4, 12) . Although complete agreement regarding these mechanisms has not yet been reached (13) (14) (15) , it is clear that a portion of membrane-bound Mg2+ plays an important role in limiting the transmembrane permeability of the inner mitochondrial membrane to monovalent cations, that Na+ permeability is selectively limited by Mg2+ to a much greater extent than K+ permeability, and that these effects are most evident when mitochondria are in an energized state (5, 6, 16, 17) . Heretofore, the Mg2+ chelating action of EDTA has been essential for demonstrating these properties.
The data in this paper provide multiple lines of evidence that gentamicin acts specifically on this Mg2+-sensitive monovalent The suspension contained mitochondria (0.7 mg protein/ml), 50 mM KH,PO,, 50 mM sucrose, 10 mM Tris-PO,, pH 7.3, 10m5 M rotenone, and the indicated agent: sham gentamicin (Sham G), 1 mM gentamicin (G), 100 pg/ml HgC12 (HP+). Energy-dependent swelling was initiated by the addition of 10 mM Tris-succinate at the indicated point. The affects of adding G and Hg*+ after swelling was underway were also determined by adding them in separate experiments to the Sham G preparation at the indicated point.
(ii) Unlike valinomycin and Hg2+, two other well-established modulators of mitochondrial cation permeability (4), gentamitin did not enhance energy-independent permeability to K+ in the presence of nitrate. Gentamicin, additionally, had no effect on passive Na+ permeability in the presence of NO,.
(iii) Gentamicin did not affect phosphate transport.
(iv) In the complex chloride-and phosphate-containing medium used for studying mitochondrial respiration, gentamicin enhanced swelling as a function of the concentrations of Na+ and K+. These effects were completely prevented and reversed by Mg*+ , and their time course suggested that the gentamicin-induced increases in energydependent cation transport could account for the increases in S4 respiratory rates produced by gentamicin. A volume correlate for the gentamicin-induced inhibition of S3 and DNP-uncoupled respiration was also noted. Inhibition of these respiratory states was associated with maximal swelling during the period preceding addition of ADP or DNP and maximal contraction upon addition of these agents. Whether the volume changes themselves induce membrane alterations responsible for the inhibition of S3 and DNP-uncoupled respiration or whether both the volume changes and the inhibitory effects are reflections of the same primary membrane effects of gentamicin remains unclear at this point.
The data presented in this paper and the companion paper (l), therefore, detail a highly specific and partly reversible action of gentamicin at the inner mitochondrial membrane to compete with Mg2+ (as was suggested by earlier work (2)) and, thereby, affect the interaction of monovalent cations with the mitochondrial membrane, in turn altering the efficacy of oxidative phosphorylation by diverting the energy of substrate oxidation to monovalent cation transport.
In view of this likely mechanism for gentamicin's action at the inner mitochondrial membrane, it is of note that the potency of other clinically relevant aminoglycoside antibiotics in producing both stimulation of closely correlates with the degree to which they are cationic at physiologic pH (18) . This likely influences their ability to compete with Mg2+ for membrane sites.
The ultimate effects of gentamicin on mitochondria in the complex intracellular milieu of the renal cortical tubular cell, its site of in vivo toxicity, are undoubtedly a function of multiple factors only some of which can be duplicated in vitro. Thus, Mg*+ is abundant intracellularly (19) and might be expected to limit the ability of gentamicin to interact with the mitochondrial membrane. However, in vivo exposure of mitochondria to gentamicin is constant for prolonged periods during treatment courses, a situation different from acute exposure in vitro, and this may mitigate some of the protective effect of Mg *+. In this regard, it is of interest that gentamicin produces Mg*+ depletion (20) which could, in turn, enhance its toxicity. It is of note that K+ depletion enhances gentamicin nephrotoxicity (21) . However, given the difficulties in directly extrapolating from the in vitro to the in vivo situation, further studies will clearly be required to determine whether alterations in renal cortical mitochondrial function during gentamicin nephrotoxicity are related to interactions of the type detailed in this and the companion paper (1) .
